Messenger RNA is remarkably stable during oocyte growth, thus enabling mRNAs to accumulate during the growth phase and thereby provide mRNAs that support early embryonic development. MSY2, a germ cell-specific RNA-binding protein, is implicated in regulating mRNA stability. MSY2 is essential for development because female Msy2 À/À mice are infertile. We describe here the characterization of Msy2 À/À oocytes. Mutant oocytes grow more slowly during the first wave of folliculogenesis, and maturation to and arrest at metaphase II is severely compromised because of aberrant spindle formation and chromosome congression. Consistent with MSY2 conferring mRNA stability is that the amount of poly(A)-containing RNA is reduced by ;25% in mutant oocytes. Stability of an exogenous mRNA injected into mutant oocytes is lower than when compared to their wild-type counterparts, and moreover, expression of wild-type MSY2 in mutant oocytes increases mRNA stability, whereas injection of a mutant form of MSY2 not capable of binding RNA does not. Transcription quiescence that normally occurs during the course of oocyte growth is not observed in mutant oocytes, and the transcriptome of mutant oocytes is markedly perturbed. These results, and those of previous studies, strongly implicate a central role of MSY2 in regulating mRNA stability.
INTRODUCTION
Oocyte development is characterized by cell growth in the absence of cell division; oocytes grow while arrested in the first meiotic prophase. In mouse, the first wave of oocyte development takes 22-24 days in most strains and oocyte volume increases by 200-250-fold [1] . During this time, mRNAs are remarkably stable, exhibiting a half-life of ;2 wk [2] [3] [4] [5] . Presumably this stability enables oocytes to accumulate mRNAs that will constitute the maternal dowry that drives and supports early preimplantation development, at least until the time of zygotic genome activation. A transition from mRNA stability to instability initiates with resumption of meiosis, in which the amount of poly(A) RNA decreases from 80 pg per oocyte to ;50 pg [6] . Messenger RNA degradation continues during the one-cell and two-cell stages, reaching a nadir of about 10 pg of mRNA in a twocell embryo [7] . The major phase of zygotic genome activation occurs during the two-cell stage and results in a dramatic reprogramming of gene expression, as well as mRNA accumulation [8] .
In female mice, Msy2 encodes an oocyte-specific RNAbinding protein that comprises about 2% of total oocyte protein [9] . In contrast to male germ cells, in which MSY2 is soluble, about 70% of oocyte MSY2 is retained following membrane permeabilization that releases at least 70% of total oocyte protein [10] . Following fertilization, the amounts of Msy2 mRNA and MSY2 protein decrease, such that little MSY2 protein is detected in two-cell embryos [9] .
In oocytes, MSY2 likely serves a role of regulating global stability of mRNA. Transgenic RNAi-mediated reduction of oocyte Msy2 transcripts results in development of oocytes that contain about 20% less mRNA and fail to mature correctly, having a wide spectrum of deficiencies in spindle formation [11] . Deletion of the Msy2 gene results in females that are sterile [12] . In 21-day-old mutant mice, ovarian follicle number and progression are reduced, whereas in adult mutant females, oocyte loss increases, anovulation is observed, and multiple oocyte and follicle defects are seen.
CDC2A-mediated phosphorylation of MSY2 triggers the transition from mRNA stability to instability [13] . In particular, overexpressing a nonphosphorylatable form of MSY2 inhibits the maturation-associated decrease in oocyte mRNAs, whereas overexpressing a putative constitutively active form triggers mRNA degradation in the absence of an increase in CDC2A activity. Messenger RNA degradation appears because of an increase in mRNA accessibility to the RNA degradation machinery, because mRNAs in oocytes overexpressing the constitutively active form of MSY2 are far more sensitive to degradation by exogenous RNase when compared to controls [13] .
We report here a cellular and molecular characterization of Msy2 À/À oocytes. Growth of mutant oocytes during the first wave of folliculogenesis is slightly retarded. Null oocytes also contain ;25% less total poly(A)-containing mRNA, but there is no difference in the fraction that is associated with the Triton X-100 (TX-100)-insoluble fraction when compared to wild-type oocytes. Messenger RNA stability of an exogenous reporter mRNA is reduced in Msy2 À/À oocytes, and expression of MSY2, but not a mutant form unable to bind RNA, restores stability of the reporter mRNA. Transcript profiling reveals that the relative abundance of at least two thirds of transcripts expressed in mutant oocytes is perturbed. In contrast to wild-type oocytes, cumulus cells are loosely attached to mutant oocytes, which do not undergo the nonsurrounded nucleolus (NSN) to surrounded nucleolus (SN) change in DNA configuration and remain transcriptionally active.
MATERIALS AND METHODS

Oocyte and Embryo Collection and Culture
Intercrosses of Msy2
þ/À male and female mice were used to produce Msy2
females. Germinal vesicle (GV)-intact full-grown oocytes were collected from the ovaries of equine chorionic gonadotropin (eCG)-primed 22-, 24-, and 27-dayold mice 44 h following injection; no hormonal stimulation was used to collect oocytes from the ovaries of 16-, 18-, 19-, and 20-day mice. Oocytes were either allowed to mature in vitro in CZB medium [14] or incubated in the presence of 2.5 lM milrinone (Sigma) to inhibit germinal vesicle breakdown (GVBD) [15] .
To produce in vivo-matured oocytes, mice were injected with 5 IU eCG and then with 5 IU human chorionic gonadotropin (hCG) 44 h later; ovulated eggs were harvested from oviducts. Eight-cell embryos were harvested 64 h after hCG injection and mating to 6-wk-old CF1 male mice. All animal experiments were approved by the University of Pennsylvania Institutional Animal Use and Care Committee and were consistent with National Institutes of Health guidelines.
Measurement of Oocyte Size
Oocyte diameter was measured using photo-images of freshly isolated, granulosa/cumulus cell-free oocytes. The long and short diameters were measured, excluding the zona pellucida, for each oocyte using the integrated measuring tools in NIH Image J software (National Institutes of Health) after calibration with a scale marker. The two measurements were averaged and expressed as the diameter of the oocyte. The diameter values for oocyte groups and difference in diameter between Msy2
À/À and wild-type oocytes were calculated using Prism 4 software (Graph Pad Software Inc.). The distribution of oocyte diameters was generated using Smith's Statistical Package, available at http://www.economics.pomona.edu/StatSite/SSP.html.
TX-100 Treatment and mRNA Purification and Quantification
The TX-100-insoluble fraction was generated as previously described [10] . Briefly, GV oocytes or eight-cell embryos were treated with 0.1% TX-100 containing 100 mM KCl, 5 mM MgCl 2 , 3 mM ethylene glycol tetraacetic acid, 20 mM Hepes, pH 6.8, and 1% bovine serum albumin (BSA) (intracellular buffer [ICB]) for 10 min at room temperature followed by three washes with ICB.
Poly(A)-containing mRNA from oocytes, eight-cell embryos, or 3T3 cells was purified using a Dynabeads mRNA Direct kit (Dynal A.S.) according to the manufacturer's instructions, followed by quantification using RiboGreen fluorescent dye with a GloMax-Multi Jr Fluorometer system (Turner Biosystems, Inc.).
DNA Constructs and cRNA Synthesis
A construct encoding wild-type Msy2 (MSY2-EGFP-pXT7) has been described [10] . To produce a non-RNA binding form of MSY, the RNP motif in the CSD of MSY2 (i.e., residues Y109, F111, and D116 and 120) were mutated to A using a single-stranded Phusion mutagenesis protocol (BioLabs). Mutagenic primers were: forward, AGG AAT GCC ACC AAG GAG GCC GTC TTT G; reverse, GTT GAT GGC TCC GGC ACC ATT CCG. The resulting MSY2A construct corresponded to the PM3 construct described previously [10] . All MSY2 constructs have an enhanced green fluorescent protein (EGFP) epitope tag at the carboxyl terminus to monitor protein expression. Both MSY2 and MSY2A constructs were linearized with Sac1. Plasmid pIVT-EGFP-N1 was linearized by Nde1. Plasmid phRL_SV40 (Promega) was linearized with Not1. All constructs were in vitro transcribed using the mMESSAGE mMACHINE T7 kit (Ambion). Complementary RNA from MSY2, MSY2A, and PIVT-N-EGFP was resuspended at a concentration of 2 lg/ll, and cRNA from phRL_SV40 was resuspended at a concentration of 0.02 lg/ll in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and stored at À808C prior to use for microinjection.
In the Renilla luciferase rescue experiment, full-grown oocytes were microinjected with ;10 pl of mixture of Msy2 and RL mRNAs, Msy2A and RL mRNAs, or Egfp and RL mRNAs, and then incubated overnight in CZB supplemented with 200 lM 3-isobutyl-1-methyl xanthine to maintain meiotic arrest. Microinjection was performed as previously described [16] . Oocytes were briefly examined for EGFP fluorescence using a conventional UV microscope and then harvested and stored at À808C until use for the luciferase assay.
Luciferase Assay
Renilla luciferase activity was assayed in individual oocytes using the Dual Luciferase Reporter Assay kit (Promega) according to the manufacturer's instructions. Relative light units (RLU) produced on the Monolight 2010 luminometer (Analytical Luminescence Lab) were measured over a period of 20 sec. For each data point the mean value of 10-15 oocytes was used.
In Vitro Transcription Assay
The transcriptional activity in Msy2 À/À and Msy2 þ/þ GV oocytes was determined after 5-bromo uridine triphosphate (Br-UTP; Sigma) incorporation into plasma membrane-permeabilized oocytes essentially as described [17] , except that the basic PBS buffer was supplemented with 0.2% polyvinylpyrrolidone (PVP) to reduce the oocyte stickiness. The incorporated Br-UTP was detected with 6 lg/ml anti-BrdU antibody (immunoglobulin G [IgG]; Roche) as the primary antibody and 20 lg/ml fluorescein isothiocyanate-conjugated goat anti-mouse (IgG; SouthernBiotech) as the secondary antibody. TO-PRO3 diluted (1:250) in mount medium was used as a chromatin-specific dye. Nuclear localized fluorescence as an indicator of the transcriptional activity was detected on a Leica TCS SP laser-scanning confocal microscope. Image J software was used to quantify transcriptional activity. Each experimental group included 10-20 oocytes and the experiments were done at least in a triplicate.
Immunocytochemistry
For the immunocytochemical detection of histones, oocytes were fixed in PBS containing 2.5% paraformaldehyde for 20 min at room temperature followed by permeabilization for 10 min in 0.2% TX-100 in PBS. After extensive washing in PBS supplemented with 0.2% PVP (PVP-PBS), oocytes were then incubated overnight with the primary antibody diluted 1:200 in PVP-PBS. The primary antibodies were polyclonal antibodies against hyperacetylated histone H4 (Upstate Biotechnology) and histone H3 trimethylated on K4 (Cell Signaling), monoclonal antibody against histone H3 acetylated on K9 (Upstate Biotechnology), and a polyclonal antibody against RNA pol II CTD phospho Ser5 (Active Motif). Following four 10-min washes in PVP-PBS, the oocytes were incubated for 60 min with the secondary antibody conjugated with Cy5. The cells were then washed three times, 10 min per wash, in PVP-PBS, followed by a 10-min incubation with Sytox Green diluted 1:5000 in PVP-PBS prior to mounting in Vectashield.
To stain the spindle, cells were fixed in PBS containing 3.7% paraformaldehyde for 20 min at room temperature, permeabilized for 10 min in 0.2% TX-100 in PBS, and then, after three 10-min washes in blocking buffer (0.1% BSA, 0.01% Tween-20 in PBS), the cells were incubated for 60 min with a b-tubulin (1:50) antibody (Sigma). After cells were washed three times for 10 min each in blocking buffer, they were then incubated for 60 min with an Alexa 488-conjugated (Molecular Probes) secondary antibody. The cells were again washed three times, 10 min each time, in blocking buffer prior to mounting in Vectashield containing TO-PRO3 (1:250). Fluorescence was detected using a Leica TCS SP laser-scanning confocal microscope. NIH Image J software was used to quantify the intensity of fluorescence. Each experimental group included 10-20 oocytes and the experiments were done at least in triplicate.
Immunoblotting
Proteins were fractionated in a 10% SDS-PAGE gel and transferred to an Immobilon P membrane (Millipore) using semidry transfer. Membranes were processed and developed as previously described [10] . A b-tubulin (1:50) antibody was used at a 1:2000 dilution. Quantification of signals was performed using Image J software.
Messenger RNA Microarray Analysis
RNA from 20 GV-intact oocytes was extracted and amplified, and equal aliquots of total RNA from each of three Msy2 À/À and three Msy2 þ/þ mice (22-day-old, eCG-primed) were converted to biotinylated cRNA as described previously [18] . All RNA specimens were quantified and checked for quality before further manipulation (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). Seventeen micrograms of fragmented cRNA was hybridized (Penn Microarray Facility) with MOE430 v2 GeneChips, which covers 45 000 transcripts and variants, and processed according to the Affymetrix instructions. Data were normalized by the median per gene and per array using GeneSpring v7. Normalized data were then filtered for those called ''absent'' and ''present.'' Genes whose expression was significantly changed in the oocytes from Msy2 À/À females compared to the control were identified by Significance Analysis of Microarrays (fold change ,2.0 for down-regulated and .2.0 for up-regulated; q value , 0.02; and detection probability greater than 0.95 in all samples) or by one-way ANOVA analysis (false discovery rate ,5%) and annotated in GeneSpring. The statistically significant gene lists obtained by ANOVA were imported into 576 DAVID software (http://david.abcc.ncifcrf.gov) to test for overrepresentation of biological processes in knockout vs. wild-type samples. Hierarchical clustering of samples and gene expression values based on similarities of expression values was performed using the average linkage method.
RESULTS
Morphological Characteristics of Oocytes Obtained from Msy2
À/À Mice
We focused our attention on characterizing oocyte development during the first wave of folliculogenesis in Msy2 À/À mice because the pronounced decrease in folliculogenesis observed in cycling mice is not observed during the first wave [12] . Significantly fewer oocytes were obtained from ovaries of 22-day-old mutant mice when compared to wild-type (70 6 2 vs. 95 6 3 oocytes/mouse, respectively, P , 0.0001). Furthermore, mutant oocytes were slightly smaller in diameter (76.6 6 0.3 lm, mean 6 SEM) than wild-type oocytes (79.9 6 0.3 lm, mean 6 SEM, P , 0.001) (Fig. 1A) , which translates to a reduction in volume of ;10%. The average oocyte diameter obtained from 22-day-old mutant mice corresponded to the size from oocytes obtained from wildtype mice 19 days of age (Fig. 1B) . Oocytes present in mutant mice, however, continued to grow and by day 27 reached an average diameter equal to that of oocytes obtained from wildtype mice 22 days of age (Fig. 1C) . Consistent with the reduced number of oocytes isolated from ovaries of mutant mice was the reduced size of their ovaries (Supplemental Fig. S1 ), which exhibited continued growth and reached the size of wild-type ovaries by 30 days of age (Supplemental Fig. S2 ). Failure to observe any evidence of ovulation in mutant mice is consistent with the absence of any sign of preovulatory follicle formation (Supplemental Fig. S1 ). À/À oocytes. The experiment was conducted three times and the data are expressed as the mean 6 SEM; .100 oocytes were analyzed at each stage. *P , 0.001. C) Increase in oocyte diameter as a function of age beyond 22 days of age. Solid bar, wild-type oocytes; open bars, Msy2 À/À oocytes. The experiment was conducted three times and the data are expressed as mean 6 SEM; .95 oocytes were analyzed at each stage. *P , 0.0001.
Msy2
À/À OOCYTES ARE DEVELOPMENTALLY COMPROMISED When matured in vitro, mutant and wild-type oocytes underwent GVBD at the same incidence, but development to and arrest at metaphase II (MII) was dramatically reduced for mutant oocytes (Fig. 2, A and B) , the likely basis being dramatic deficiencies in spindle formation and chromosome congression (Fig. 2C) . These deficiencies were anticipated because they were observed following transgenic RNAimediated targeting of Msy2 [11] . Unexpectedly, we noted that 1 lM of the phosphodiesterase (PDE) 3A inhibitor milrinone [15] , which inhibits the maturation-associated decrease in cAMP that triggers GVBD [19] , was not able to maintain effectively meiotic arrest in Msy2 À/À oocytes in vitro (Fig. 2D) ; inhibition of maturation was observed when 2.5 lM milrinone was used (data not shown).
RNA Stability in Msy2
À/À Oocytes
We previously reported that transgenic RNAi-mediated targeting of Msy2 that results in a decrease in the amount of MSY2 by at least 60% also results in an ;20% decrease in the amount of total poly(A)-containing RNA [11] . We noted a similar reduction in the total amount of poly(A)-containing RNA in Msy2 À/À -deficient oocytes, which contain no detectable MSY2 protein (53.9 6 1.9 pg/mutant oocyte vs. 70.7 6 2.0 pg/wild-type oocyte; P , 0.0001). The amount of poly(A)-RNA reported here for wild-type oocytes is in agreement with the previous reported value of 80 pg [20] .
About 70%-80% of the poly(A)-containing mRNA is present in an insoluble fraction following membrane permeabilization with TX-100 under conditions that release .70% of soluble oocyte protein [10] . A similar amount of MSY2 also resides in this fraction following TX-100, but is released into the soluble fraction following RNase treatment, i.e., integrity of the RNA is essential for localization of MSY2 to this fraction [10] . A formal possibility is that RNA that associates with MSY2 becomes localized to this fraction and that this localization confers increased mRNA stability. Such a scenario was highly unlikely because similar amounts of poly(A)-containing RNA were present in the TX-100-insoluble fraction in wild-type and mutant oocytes (Fig. 3) . Furthermore, comparable amounts of poly(A)-containing RNA were present in the TX-100-insoluble fraction in eight-cell embryos and 3T3 cells, neither of which contain MSY2 (Fig. 3) . Taken together, these results suggest that although binding of MSY2 to RNA confers RNA stability, MSY2 binding is not required to localize mRNA to the TX-100-insoluble fraction.
Further evidence that MSY2-binding stabilizes mRNA was obtained by assessing the effect of MSY2 on stability of a reporter mRNA in mutant oocytes. Based on luciferase activity, the reporter mRNA was less stable in mutant oocytes, and coinjection of a cRNA-encoding wild-type MSY2, but not a cRNA encoding a mutant form unable to bind RNA, substantially restored luciferase activity (Fig. 4A) . Increased amounts of reporter mRNA were also present in mutant oocytes following expression of wild-type MSY2 but not mutant MSY2, further strengthening the conclusion that MSY2 binding to RNA confers RNA stability (Fig. 4B) .
Onset of Transcriptional Quiescence Is Delayed in Msy2
À/À Oocytes A progressive decrease in transcription initiates around midgrowth, the time of antrum formation [21, 22] , such that full-grown oocytes are essentially transcriptionally quiescent. Although it is not apparent why transcription ceases prior to completion of growth, it appears to be a universal hallmark because it is observed in oocytes of all species examined to date. Interestingly, disruption of oocyte-somatic cell interactions delays the timing of onset of transcriptional quiescence and compromises oocyte developmental competence [23] .
Although the molecular mechanism that underlies transcriptional quiescence is not well understood, it is associated with a change in DNA configuration. Transcriptionally active oocytes display chromatin that is diffusely localized throughout the
FIG. 2. Maturation properties of Msy2
À/À oocytes. A) Incidence of GVBD and maturation to and arrest at MII following maturation in vitro. Maturation to and arrest at MII was assessed by detecting the presence of a polar body (PB). The experiment was performed six times and the data are expressed as mean 6 SEM. Between 50 and 120 oocytes were examined in each group for each experiment. B) Photomicrographs of representative wild-type and Msy2 À/À oocytes matured in vitro. Note presence of PB in wild-type but frequent absence in mutant oocytes. Original magnification 3200. C) Immunocytochemical detection of spindles and DNA in wild-type and Msy2
À/À oocytes matured in vitro. Green, tubulin; red, DNA. Note that compared to wild-type oocytes that exhibit a well-defined spindle with chromosomes tightly along a metaphase plate, mutant oocytes display a variety of abnormal phenotypes. The experiment was performed three times and a total of 43 wild-type and 57 mutant oocytes were analyzed. Original magnification 3400. D) Kinetics of maturation of wild-type and Msy2
À/À oocytes in the presence of 1 lM milrinone. The experiment was performed three times and the data are expressed as mean 6 SEM; at least 50 oocytes in each group were used for each experiment. 578 nucleus, the so-called NSN configuration, whereas in transcriptionally inactive oocytes the chromatin is condensed around the nucleolus, the SN configuration. This association, however, is not causal because oocytes deficient in nucleoplasmin 2 (Npm2) do not undergo the NSN to SN change but still become transcriptionally quiescent [24] . Reciprocally, inducing histone hyperacetylation with trichostatin A results in chromatin decondensation in euchromatin regions-centromeric heterochromatin associated with the nucleolus shows only a partial response-without any obvious increase in transcription [25] . Finally, oocytes deficient in MLL2, which is responsible for the bulk of H3K4me3, undergo the NSN to SN transition but are transcriptionally active [26] .
We noted that a significantly larger fraction of oocytes obtained from eCG-primed Msy2 À/À mice were largely devoid of attached cumulus cells when compared to oocytes obtained from wild-type mice (Fig. 5) . This lack of firmly adhering cumulus cells led us to examine global transcriptional activity as assayed by BrUTP incorporation and the incidence of the NSN and SN configurations. In contrast to wild-type oocytes that displayed with oocyte development a decrease in the fraction of transcriptionally active oocytes, mutant oocytes remained transcriptionally active (Fig. 6A) . The large majority of wild-type oocytes displayed an SN or partial SN (PSN) configuration and were transcriptionally quiescent (SN) or showed a small degree of BrUTP incorporation (PSN), whereas the small portion of NSN wild-type oocytes exhibited readily detectable levels of BrUTP incorporation (Fig. 6B) . In marked contrast, only a small fraction of mutant oocytes exhibited the SN configuration and remained transcriptionally active. Almost 90% of mutant oocytes exhibited the NSN configuration and displayed much higher levels of BrUTP incorporation when compared to wild-type oocytes (Fig. 6B) . As anticipated, RNA polymerase II bearing a CTD phosphorylated on S5 of the repeat, a marker of RNA polymerase II engaged in initiating transcription [27] , was present not only in NSN but not SN wild-type oocytes, but also in mutant oocytes (Fig. 6C) .
Changes in histone modifications are linked to changes in gene expression [28, 29] , and global changes in histone modifications occur during oocyte growth [30] [31] [32] [33] . Accordingly, we used immunocytochemistry to ascertain whether changes in histone modifications associated with either transcription activation or repression were perturbed in mutant oocytes. Although histone H4 acetylation is associated with transcriptionally permissive chromatin, a dramatic decrease in H4 acetylation was observed in mutant oocytes (Fig. 7) , as was H3K4me3, which marks active genes [34] . In contrast, there was a marked decrease in marks associated with repression, ) oocytes were injected with a Luc cRNA. WT oocytes were then subsequently injected with Egfp cRNA (RLuEgfp), whereas mutant oocytes were injected with either an Egfp cRNA (RLu-Egfp), a cRNA encoding a mutant form of MSY2 not able to bind to RNA (RLu-Msy2A), or a cRNA encoding WT MSY2 (RLu-Msy2). The oocytes were cultured in the presence of 2.5 lM milrinone to inhibit maturation and after 18 h luciferase activity was measured in individual oocytes. The experiment was conducted three times and the data are expressed as the mean 6 SEM. B) The experiment was conducted as described in A but following culture the amount of Luc cRNA in the oocytes (20) was measured by qRT-PCR. The experiment was performed three times and the data are expressed as mean 6 SEM. a, P , 0.0001.
Msy2
À/À OOCYTES ARE DEVELOPMENTALLY COMPROMISED e.g., H3K9me3 (Fig. 7) . These latter changes could account for the continued transcription in mutant oocytes.
Transcript Profiling of Msy2 À/À Oocytes
To gain further insight in the role of MSY2 in oocyte development, transcript profiling experiments were performed on wild-type and mutant oocytes. As anticipated, the two groups clustered separately (Supplemental Fig. S3 ). Quantitative RT-PCR (qRT-PCR) was conducted on three transcripts whose relative abundance was increased and three whose relative abundance was decreased in mutant oocytes relative to wild-type oocytes. The microarray data indicated that transcripts for Hdac1, Cdc14b, and Eif1a displayed increases of 3.9-, 3.8-, and 2.3-fold, respectively, and qRT-PCR indicated increases of 4-, 3.7-, and 4-fold, respectively. The microarray data also indicated that transcripts for Khdrbs1, Nfx1, and Yy1 displayed decreases of 6.6-, 1.4-, and 2.9-fold, respectively, and qRT-PCR indicated decreases of 2.3-, 1.8-, and 0-fold, respectively. These data lend confidence to interpretations based on the microarray data.
Consistent with a central role for MSY2 in regulating mRNA stability during oocyte growth is the large number of transcripts whose relative abundance was affected in mutant oocytes. Of the 19 548 transcripts detected, the abundance of ;70% in mutant oocytes was affected, with 6940 and 6497 transcripts being either increased or decreased, respectively. Using a 2-fold change as a cutoff, the relative abundance of 3627 and 3357 displayed either an increase or decrease, respectively. A list of transcripts displaying either a 2-fold decrease or increase in relative abundance in mutant oocytes is found in Supplemental Tables S2 and S3 , and DAVID analyses are found in Supplemental Tables S4 and S5. A set of transcripts is degraded during oocyte maturation [35] . These transcripts could be inherently less stable and therefore their abundance may be more affected in the absence of MSY2. Using a 2-fold decrease as a cutoff, of the 3002 transcripts identified by Su et al. [35] , 591 were common to the set of 3357 down-regulated transcripts in mutant oocytes, i.e., ;17.5%. Interestingly, of the 1091 transcripts that appear to be inherently unstable in oocytes [36] , 41 were down-regulated in mutant oocytes using a 2-fold change as a cutoff, i.e., ;1%. A bioinformatic analysis of the 3 0 UTR sequence of transcripts whose relative abundance was reduced in Msy2 À/À oocytes was uninformative.
DISCUSSION
We report here that depletion of MSY2 in mouse oocytes leads to a plethora of effects that include a reduced growth rate that results in smaller oocytes that do not mature properly, a failure to become transcriptionally quiescent, a decrease in mRNA stability, and a dramatic perturbation of the transcriptome. These effects presumably account for Msy2 À/À females being infertile.
The rate of oocyte growth during the first wave of folliculogenesis in Msy2 À/À mice is less than that in wild-type mice and takes an additional 5 days to reach the same diameter as their 22-day-old wild-type counterparts. It should be noted that the cytoplasm of mutant oocytes obtained from 27-day-old mice appears highly granulated, suggesting the cells are or are becoming unhealthy. The slower growth rate of mutant oocytes is consistent with their containing a reduced amount of mRNA, which would presumably support a reduced rate of protein synthesis. The highly compromised ability of mutant oocytes to mature to MII is not a consequence of their slightly smaller size, because oocytes from mice 19 days of age readily mature to and arrest at MII [37] . Rather, their failure to mature properly likely reflects a gross perturbation in their transcriptome.
The ability of mutant oocytes to resume meiosis in the presence of 1 lM milrinone was unanticipated. A possible explanation for this observation is that even though milrinone is a specific inhibitor of PDE3A, which is responsible for eliciting the maturation-associated decrease in cAMP [38] , the relative abundance of Pde10a transcripts is increased 2.4-fold in mutant oocytes and could in principle promote the maturation-associated decrease in cAMP. In addition, the transcript encoding PDE6D, a cGMP-specific PDE, is up- oocytes. All of the differences for any category are significant with a P value of at least ,0.05. 580 regulated 2.4-fold in mutant oocytes; although PDE10A can also hydrolyze cGMP in vitro, whether it can do so in vivo is not known [39] . Recent studies have documented that cGMP serves as a major locus of control of maturation by inhibiting PDE3A [40, 41] ; both cGMP and cAMP bind with high affinity to PDE3A, but cGMP is poorly hydrolyzed and thereby serves as a competitive inhibitor [39] . Therefore, an increase in PDE6D activity could result in a decrease in oocyte cGMP, thereby relieving cGMP-mediated inhibition of PDE3A, which may have residual activity in the presence of 1 lM milrinone. Interestingly, there is no indication of precocious maturation when oocytes are isolated from Msy2 À/À mice, suggesting that in vivo PDE3A is sufficiently inhibited to maintain meiotic arrest.
The bulk of oocyte mRNAs, which are remarkably stable during oocyte growth, is associated with a TX-100-insoluble fraction and with MSY2; RNase treatment releases MSY2 into the soluble fraction [10] . The finding that there is only a very small decrease in the amount of mRNA associated with the TX-100-insoluble fraction in mutant oocytes suggests that MSY2 is not essential to recruit mRNA to this fraction. Consistent with this interpretation is that the bulk of mRNA is associated with a TX-100-insoluble fraction in both eight-cell embryos and 3T3 cells, neither of which contains MSY2.
Results of the experiments in which Luc mRNA stability was assessed in wild-type and mutant oocytes, coupled with the ability of wild-type MSY2, but not a mutant form unable to bind RNA, to restore Luc mRNA stability in mutant oocytes provide additional support that MSY2-binding confers mRNA stability.
The evidence accumulated to date suggests a central role for MSY2 in mRNA stability. Nevertheless, only a modest 25% decrease in the total amount of mRNA is detected in mutant oocytes. One explanation is that mutant oocytes do not become transcriptionally quiescent as do wild-type oocytes during the growth phase. Continuation of transcription could compensate for reduced mRNA stability and thereby result in a less severe decrease in total mRNA. Continued transcription could also account for the increase in transcript abundance of numerous mRNAs in mutant oocytes when compared to wild-type oocytes.
The molecular basis for why mutant oocytes fail to become transcriptionally quiescent is not clear, although the loose association with cumulus cells may be a factor [23] . Changes in histone modifications are a potential mechanism, but the linkage between such changes and establishment of transcriptional quiescence is poor. For example, although oocyte growth is accompanied by cessation of transcription, there is a
FIG. 6. Transcriptional activity in Msy2
À/À oocytes. A) Transcriptional activity in WT and mutant oocytes was assayed by BrUTP incorporation as a function of mouse age. The experiment was performed three times and the data are expressed as mean 6 SEM; at least 25 oocytes were analyzed in each sample. B) Representative photomicrographs depicting BrUTP incorporation (red) and DNA staining (green). DNA configuration was classified as NSN, PSN, or SN, and the percentage of the total population distribution is shown below. Note in WT that the transition from NSN to SN is associated with transcriptional quiescence, whereas SN mutant oocytes remain transcriptionally active. C) Immunocytochemical detection of active RNA polymerase II (POLII). Original magnification 3400.
Msy2
À/À OOCYTES ARE DEVELOPMENTALLY COMPROMISED progressive increase in histone H4 acetylation and histone H3 K4 methylation [31] , which are characteristic of transcriptionally permissive chromatin. More striking is a dramatic increase in the extent of H3K9 trimethylation-trimethylated H3K9 is positioned at promoters of repressed genes [34] -that initiates at the onset of the decrease in transcription. This finding suggests that acquisition of repressive histone marks trumps activating marks in directing the overall transcriptional activity of the oocyte. Consistent with this interpretation is that although histone H4 acetylation and H3K4me3 are markedly decreased in mutant oocytes, H3K9me3 is also reduced, which would lead to less repression and therefore maintain transcription. It is not surprising that the relative abundance of a large number of transcripts is affected in MSY2-deficient oocytes, given the likely role that MSY2 serves as a master regulator of global mRNA stability. Although Selex analysis reveals that the Xenopus ortholog FRGY2 can preferentially bind to AACAUC [42] , and in male germ cells MSY2, which can also function as a transcription factor, preferentially binds to mRNAs that are transcribed from genes that contain a Y-box DNA-binding consensus sequence in their promoters [43] , there is little evidence that MSY2 binds to a specific subset of mRNAs in oocytes. Thus, it is difficult to assess the extent to which changes in transcript abundance in mutant oocytes reflect primary rather than secondary changes. In fact, the relative abundance of transcripts encoding factors involved in transcription is perturbed in mutant oocytes. A decrease in a transcript encoding an activator or repressor of transcription and whose stability is controlled by MSY2 could result in a decreased or increased abundance of target genes, respectively. Such indirect effects are likely. For example, using a 2-fold cutoff, 393 transcripts are misexpressed in Ctcf À/À oocytes [44] , of which 117 are common to the set of 6984 misexpressed transcripts in Msy2 À/À oocytes, i.e., ;1.5%. Dicer1 expression is also reduced ;3-4-fold in Msy2 À/À oocytes. Again using a 2-fold cutoff, of the 1245 transcripts whose expression is perturbed in Dicer1 À/À oocytes, 366 are common to the set of misexpressed transcripts in Msy2 À/À oocytes [45] , i.e., ;5%. Decreased expression of RNA-binding proteins such as DAZL, whose transcript abundance is reduced ;4-fold in Msy2 À/À oocytes, could also lead to changes in abundance of DAZLbinding mRNAs [46] .
Bidirectional communication occurs between oocytes and the surrounding granulosa/cumulus cells in which the oocyte drives the conversation [47] . Perturbation of the oocyte transcriptome in Msy2 À/À oocytes could disrupt such communication and lead to loss of tight association of cumulus cells with the oocyte. Of interest is that the relative abundance of Bmp15 transcripts appears overexpressed (2.4-fold) in mutant oocytes (Supplemental Table S3 ). Whether such misexpression leads to loosely adhering cumulus cells is unknown.
In summary, our previous results [9] [10] [11] 13] , coupled with the results described here, implicate MSY2 playing a seminal role in regulating mRNA stability in oocytes. During the growth phase, interaction of MSY2 with mRNA confers mRNA stability by a mechanism that, although yet not understood, likely involves shielding the mRNAs from the RNA-degradation machinery. The maturation-associated phosphorylation of MSY2 then initiates the transition to mRNA instability by making mRNAs more susceptible to degradation. Degradation of MSY2, which is essentially complete by the two-cell stage, ensures that the transition from mRNA stability to instability is not only irreversible but also may be critical to execute successfully the maternal-to-embryo transition.
